Acrosome reaction is crucial to the penetration of spermatozoa through the zona pellucida (ZP). Glycosylation of ZP glycoproteins is important in spermatozoa-ZP interaction. Human ZP glycoprotein-3 (ZP3) is believed to initiate acrosome reaction. Recently, human ZP4 was also implicated in inducing acrosome reaction. These studies were based on recombinant human ZP proteins with glycosylation different from their native counterparts. In the present study, the effects of native human ZP3 and ZP4 on acrosome reaction and spermatozoa-ZP binding were investigated. Native human ZP3 and ZP4 were immunoaffinity-purified. They induced acrosome reaction and inhibited spermatozoa-ZP binding time-and dose-dependently to different extents. These biological activities of human ZP3 and ZP4 depended partly on their glycosylation, with N-linked glycosylation contributing much more significantly than O-linked glycosylation. Studies with inhibitors showed that both human ZP3-and ZP4-induced acrosome reactions were protein kinase-C, protein tyrosine kinase, T-type Ca 2þ channels, and extracellular Ca 2þ dependent. G-protein also participated in human ZP3-but not in ZP4-induced acrosome reaction. On the other hand, protein kinase-A and L-type Ca 2þ channels took part only in human ZP4-induced acrosome reaction. This manuscript describes for the first time the actions of purified native human ZP3 and ZP4 on acrosome reaction and spermatozoa-ZP binding.
INTRODUCTION
During fertilization, a spermatozoon binds to and penetrates the zona pellucida (ZP) matrix. The penetration of the ZP requires the release of acrosomal enzymes from spermatozoa by the process of acrosome reaction. In mouse, there are three ZP glycoproteins. The mouse ZP glycoprotein-3 (ZP3) initiates sperm binding (primary binding) [1] and induces acrosome reaction [2, 3] . Recent data suggest that a mechanosensory signal produced during zona penetration may also be required to initiate acrosome reaction [4] . After acrosome reaction, the inner acrosome membrane interacts with mouse ZP glycoprotein-2 (ZP2), enabling the spermatozoa to remain bound to the ZP (secondary binding) [5] . On the other hand, mouse ZP glycoprotein-1 (ZP1) is not involved directly in spermatozoa-ZP interactions but has been implicated in maintenance of the structural integrity of the ZP matrix by cross-linking the filaments of mouse ZP2-ZP3 heterodimers [6] . Recent studies, however, revealed that human ZP comprises four glycoproteins designated as human ZP1, ZP2, ZP3, and ZP4 [7, 8] . The ortholog of the human ZP4 gene is present in the mouse genome as a pseudogene [7] . Mass spectrometric analysis failed to identify mouse ZP4 in mouse oocytes [9] .
Though it is generally believed that human ZP1, ZP2, and ZP3 have biological activities similar to the corresponding mouse ZP glycoproteins [10] , definitive demonstration of the biological activities of individual human ZP glycoproteins in their native form is lacking due to the limited availability of human oocytes for research. To circumvent this difficulty, investigators have produced recombinant human ZP proteins. Although these recombinant ZP proteins have the same polypeptide sequence, they do not have glycosylation identical to their native counterparts. Considerable evidence suggests that glycosylation contributes significantly to spermatozoa-ZP interaction [11] [12] [13] . Consistent with this, release of O-linked glycan chains destroys mouse ZP3 binding activity [1] . A recent study showed that glycosylation is essential for inducing acrosomal exocytosis by recombinant human ZP3 and ZP4, though the polypeptide backbone of human ZP2, ZP3, and ZP4 is sufficient for their binding to the capacitated and/or acrosome-reacted spermatozoa [14] .
The induction of acrosome reaction has been used as a benchmark biological activity of ZP3. The ability of different preparations of recombinant human ZP3 to induce acrosomal exocytosis varies (Table 1) . Three recent studies demonstrated that recombinant human ZP4 also stimulates acrosome reaction [14, 19, 21] . The mechanism of the human ZP-induced acrosome reaction is not completely understood. Several signal transduction events, including involvement of guanine-binding regulatory proteins (G-proteins), protein phosphorylation, and elevation of intracellular calcium levels, have been suggested to participate in the process [22] [23] [24] [25] [26] . However, there has been no study of acrosome reaction induced by native human ZP3 and ZP4.
We have recently isolated native human ZP3 and ZP4 with purities .90% from the ZP of unfertilized human oocytes [27] . This article compared the effects of these glycoproteins on spermatozoa-human ZP binding, acrosomal reaction, and intracellular signaling pathways that have been reported to be related to acrosome reaction. In addition, the roles of N-and Olinked glycosylation in these biological activities were studied.
MATERIALS AND METHODS

Semen Samples
The Institutional Review Board of the University of Hong Kong approved the research protocol followed in this report. Informed consent was obtained from men with normal semen parameters [28] attending the infertility clinic at Queen Mary Hospital. Their spermatozoa were processed by Percoll (Pharmacia, Uppsala, Sweden) density gradient centrifugation. The processed spermatozoa were capacitated overnight as reported [29] [30] [31] [32] in Earle balanced salt solution (EBSS; Flow Laboratories, Irvine, U.K.) supplemented with sodium pyruvate (0.033 mg/ml), penicillin-G (0.06 mg/ml), streptomycin sulphate (0.075 mg/ml), and 3% BSA at 378C in an atmosphere of 5% CO 2 in air [33] . Only samples with .50% capacitated spermatozoa were used. The mean percentage of capacitation was 63.4 6 5.5% (mean 6 SEM) as determined by chlortetracycline staining [34] . The capacitated spermatozoa were resuspended in EBSS supplemented with 0.3% BSA (EBSS/BSA).
Purification of ZP Glycoproteins from Human Oocytes
Zona pellucidae were obtained from unfertilized human oocytes from the assisted reproduction program at Queen Mary Hospital, Hong Kong, with the approval of the Ethics Committee of the University of Hong Kong and the informed consent of the patients. Although some of these human ZP had been exposed to spermatozoa, their sperm-binding ability [35] [36] [37] and acrosome reaction-inducing ability [38] were not affected. The purification of native human ZP3 or ZP4 was described recently [27] , and the same batch of purified ZP3 or ZP4 was used in this report. Briefly, the purification involved the separation of the oocytes from the ZP under a dissection microscope. The ZP were heat-solubilized at 708C in 5 mM NaH 2 PO 4 buffer (pH 2.5) for 90 min [39] and centrifuged at 15 000 3 g for 10 min at 48C. The supernatant collected was passed successively through a monoclonal anti-recombinant human ZP3 (MA-1558) sepharose column and a monoclonal anti-recombinant human ZP2 (MA-1615) sepharose column. The human ZP3 eluted from the antirecombinant human ZP3 antibody column had a purity of .92%. The flowthrough fraction after successive anti-human ZP2 and anti-human ZP3 immunoaffinity columns contained human ZP4 and ZP1. Consistent with previous reports that ZP1 had low abundance in the ZP [7, 40] , SDS-PAGE showed that ZP4 constituted .93% of the flow-through fraction. Therefore, no further processing was performed to remove ZP1 from the flow-through fraction, and the fraction was designated as ZP4 fraction. The identities of the isolated native human ZP3 and ZP4 were confirmed by SDS-PAGE followed by mass spectrometry analysis.
The N-linked glycans of ZP3 and ZP4 were removed by incubation with 0.2 mU N-glycosidase-F at 378C for 24 h as described in the Glycoprotein Deglycosylation Kit (Calbiochem, San Diego, CA). One unit (U) was defined as the amount of N-glycosidase-F required to catalyze the release of N-linked oligosaccharides from 60 lmol of denatured ribonuclease in 1 h at 378C, pH 7.5. The O-linked glycans was removed by alkali hydrolysis (b-elimination) in 5 mM NaOH at 378C for 24 h [1] . All the glycans in the ZP glycoproteins were removed by using trifluoromethane sulfonic acid (TFMS) as described in the GlycoProfile IV Chemical Deglycosylation Kit (Sigma-Aldrich, St. Louis, MO).
Effect of Solubilized Human ZP or Native/Deglycosylated Human ZP3 and ZP4 on Acrosomal Exocytosis of Capacitated Human Spermatozoa
The dosage effect of solubilized human ZP and native human ZP3 and ZP4 on acrosome reaction was determined by incubating capacitated spermatozoa (2 3 10 6 /ml) with 0.01-10 lg/ml solubilized ZP, 3.125-50 pmol/ml of purified ZP glycoproteins, or EBSS/BSA (control) in a total volume of 20 ll at 378C under 5% CO 2 in air for 15 min. The experiment was repeated five times with five different sperm samples. The kinetics of ZP3-and ZP4-induced acrosome reaction was studied by incubating spermatozoa with purified ZP glycoproteins at a concentration of 25 pmol/ml for 5, 15, and 120 min. Staining with fluorescein isothiocyanate (FITC)-conjugated lectin from Pisum sativum (pea) agglutinin (FITC-PSA; Sigma) and Hoechst 33258 (bisBenzimide; Sigma) was used to evaluate the acrosomal status of spermatozoa as described [34] . Briefly, processed spermatozoa were incubated with PBS containing 0.001% (w/v) Hoechst for 10 min, centrifuged through 2% (w/v) polyvinylpyrrolidone-40 (Sigma) in PBS, fixed in 300 ll of 95% ethanol, and dried on slides before staining with 0.01% (w/v) FITC-PSA in PBS for 10 min. The fluorescence patterns of 200 spermatozoa in randomly selected fields were determined under a fluorescence microscope (Zeiss, Oberkochen, Germany) with 3600 magnification. Acrosome-reacted spermatozoa were defined as those without Hoechst and without FITC-PSA staining or with FITC-PSA staining at the equatorial segment only.
The combined effect of human ZP3 and ZP4 on acrosomal exocytosis of spermatozoa was also studied. Capacitated spermatozoa were divided into four portions. They were incubated with 25 pmol/ml of ZP3, 25 pmol/ml of ZP4, 25 pmol/ml of ZP3þ25 pmol/ml of ZP4, or EBSS/BSA (control) in an atmosphere of 5% CO 2 in air for 15 min. After incubation, the spermatozoa were washed with fresh EBSS/BSA. The percentages of acrosome-reacted spermatozoa were assayed as described above.
Effect of Native/Deglycosylated ZP Glycoproteins on Spermatozoa-ZP Binding of Capacitated Human Spermatozoa
The hemizona binding assay was used to study the ability of native ZP3 and ZP4 to reduce the binding of spermatozoa to human ZP. Unfertilized human oocytes from our intracytoplasmic sperm injection program were microbisected into two identical hemizonae. Spermatozoa were treated with either EBSS/BSA alone or supplemented with 25 pmol/ml ZP glycoproteins for 15 min under mineral oil at 378C in 5% CO 2 in air. The treated and the control spermatozoa at a concentration of 2 3 10 6 spermatozoa per milliliter in a 20-ll droplet of EBSS/BSA were then incubated with the matching hemizona under the same conditions. After 3 h of incubation, the loosely bound spermatozoa were removed and the numbers of tightly bound spermatozoa on the outer surface of the hemizonae were counted. The hemizona binding index (HZI) was defined 
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as the ratio of the number of bound spermatozoa in the test droplet to that in the control droplet times 100.
Effect of Intracellular Signaling Inhibitors on the Human ZP3 and ZP4-Induced Acrosome Reaction
The pathways leading to ZP3 and ZP4-induced acrosome reaction were studied by using various inhibitors for protein kinase A (PKA), protein kinase C (PKC), receptor and non-receptor types of protein tyrosine kinase (PTK), and G-protein ( Table 2 ). The involvement of T-type and/or L-type Ca 2þ channels was tested by treating spermatozoa with different concentrations (0-400 lM) of mibefradil (T-type Ca 2þ channel inhibitor) or nifedipine (L-type Ca 2þ channel inhibitor). Both inhibitors had been used to study the role of Ca 2þ channels in acrosome reaction of human spermatozoa [46] [47] [48] [49] . Due to the limited amount of human ZP3 and ZP4 purified, the experiment was repeated thrice using semen samples from three donors. Capacitated spermatozoa (2 3 10 6 /ml) were preincubated with different inhibitors before treatment with 25 pmol/ml of ZP glycoproteins for 15 min. Appropriate solvent controls were performed in parallel. The effect of extracellular Ca 2þ was studied by preincubating capacitated spermatozoa with 2 mM of EGTA for 10 min. The acrosomal status of spermatozoa was then evaluated as described above.
Effects of Human ZP3 and ZP4 on Protein Kinase Activity
Capacitated spermatozoa (2 3 10 6 /ml) were incubated with 25 pmol/ml of ZP glycoproteins for 15 min. They were then washed thrice with PBS before sonication in 100 ll of homogenizing buffer (20 mM PBS [pH 7.4] containing 2 mM EDTA, 1 mM dithiothreitol, 0.1 mM PMSF, 0.1 mM vanadate, 1 mM MgCl 2 , 100 mM NaCl, and 0.05% Triton-X100) for 15 min at 48C as described [30] . After centrifugation at 15 800 3 g for 30 min at 48C, the supernatant was collected. The kinase activity in the supernatant was determined as described [30] . The ELISA-based PTK (Molecular Probes, Eugene, OR) and PKA (Calbiochem) assay kits were used according to the manufacturer's instructions. One unit (U) of PKA and PTK activity was defined as the amount of enzyme required to catalyze the transfer of 1 pmol of phosphate to the substrates, RFARKGSLRQKNV and TSTEPQYQPGENL, respectively, in 1 min at 308C.
Statistical Analysis
All the data were expressed as mean (6SEM). The data were analyzed by statistical softwares (SigmaPlot v8.02, Ligand Binding Analysis Module, and SigmaStat v2.03, Jandel Scientific, San Rafael, CA). For all experiments, the nonparametric repeated measures ANOVA on Rank test for multiple comparisons were used. If the data were normally distributed, Tukey test or parametric Student t-test was used where appropriate as the posttest. A probability value ,0.05 was considered to be statistically significant.
RESULTS
Effect of Human ZP Glycoproteins on Acrosome Reaction
Both the solubilized human ZP and purified native ZP3 and ZP4 induced acrosome reaction in a dose-dependent manner (Fig. 1, A and B) . The minimum concentrations of solubilized SPERMATOZOA AND ZONA PELLUCIDA 871 ZP and native ZP3/ZP4 that induced significant (P , 0.05) acrosome reaction were 0.1 lg/ml (Fig. 1A ) and 12.5 pmol/ml (Fig. 1B) , respectively. A significant increase in acrosome reaction was detected after treating spermatozoa with ZP3 (P ¼ 0.007) and ZP4 (P ¼ 0.025) at a concentration of 25 pmol/ml for 5 min. The maximal effect was observed after 15 min of treatment (Fig. 2) . Figure 3 shows the combined effect of human ZP3 and ZP4 on induction of acrosome reaction. Compared with the control, the percentage of acrosome-reacted spermatozoa was increased by 27.3 6 3.4% and 19.2 6 3.2% after being treated with ZP3 or ZP4, respectively. Simultaneous treatment with ZP3 and ZP4 increased the percentage to about 38.2 6 6.1%, which was smaller than the sum of the effects of individual ZP glycoproteins.
The N-and O-linked glycosylation of human ZP3 and ZP4 was selectively removed. The efficiency of glycan removal was determined using standard glycoproteins from the Glycoprotein Deglycosylation Kit and the N-glycosidase F Deglycosylation kit (Roche, Mannheim, Germany), a1-acid glycoprotein for Nlinked glycosylation and bovine fetuin for O-linked glycosylation. N-glycosidase F and b-elimination treatment gave one single smaller product of expected sizes from the respective glycoproteins (data not shown), indicating that the treatment was efficient in removing the relevant glycans. Figure 4 shows the effect of deglycosylation of ZP3 and ZP4 on induction of acrosome reaction. Compared with spermatozoa incubated in medium alone (control), those treated with native ZP3 (P , 0.001) and ZP4 (P ¼ 0.01) had significantly more acrosome-reacted spermatozoa. The incidences of acrosome reaction in spermatozoa incubated with Nlinked and complete deglycosylated ZP3 (P 0.002) or ZP4 (P 0.01) were significantly lower than those treated with the corresponding native ZP glycoproteins, and were similar to that of the control spermatozoa. On the other hand, O-linked deglycosylated ZP3 and ZP4 induced acrosome reaction to an extent that was not significantly different from their native glycoproteins (P . 0.05). The percentages of acrosome reaction induced by O-linked deglycosylated ZP3 (P ¼ 0.003) and ZP4 (P ¼ 0.028) were significantly higher than that of spermatozoa incubated in medium alone.
Effects of Intracellular Signaling Inhibitors on Human ZP3-and ZP4-Induced Acrosome Reaction
The percentages of capacitated spermatozoa undergoing the ZP3-or ZP4-induced acrosome reaction were compared in the presence and absence of different intracellular signaling inhibitors (Table 2) . Treatment with inhibitors of PKC (chelerythrine) and PTK (tyrphostin A47 and herbimycin A) suppressed both ZP3-or ZP4-induced acrosome reactions. Though pertussis toxin treatment significantly inhibited ZP3-induced acrosome reaction, it had no effect on that of ZP4. On the other hand, inhibitors of PKA (H89) suppressed the effect of ZP4, but not that of ZP3. The effect of the inhibitors on PTK was confirmed by determination of PTK activity in spermatozoa after human ZP glycoprotein treatment (see below). However, similar determination for PKC activity was not successful because the enzyme activity was too low for accurate comparison, consistent with another study [50] . To confirm the involvement of the enzyme, another PKC inhibitor, calphostin C, at a concentration of 0.15 lM was used to treat spermatozoa for 30 min [51] . Calphostin C had chemical structure and inhibited the activity of PKC through mechanisms different from chelerythrine [51] [52] [53] . Treatment with calphostin C inhibited ZP3-and ZP4-induced acrosome reaction. The percentage of induced acrosome decreased from 44.4 6 3.9% to 18.9 6 0.9% (P ¼ 0.003) and from 38.6 6 4.5% to 19.8 6 1.8% (P ¼ 0.018), respectively.
Low micromolar concentrations of mibefradil dose-dependently (IC 50 ;2.9 lM) inhibited ZP3-induced acrosome reaction (Fig. 5) . On the contrary, high concentrations of nifedipine were required to have a similar effect (IC 50 ;100 lM); the concentrations needed were much higher than the reported concentration (;1 lM) required to block L-type Ca 2þ channels in somatic cells [54] . For ZP4-induced acrosome reaction, the IC 50 values for mibefradil and nifedipine were ;1 and ;1.6 lM, respectively, suggesting that both T-type and Ltype Ca 2þ channels were participating in the event (Fig. 5) . Consistent with the suppressive action of inhibitors of Ca 2þ channels, EGTA treatment significantly decreased ZP3-and ZP4-induced acrosome reaction ( Table 2) . The inhibitors at the concentrations used and EGTA treatment did not affect sperm viability, motility, and spontaneous acrosome reaction (data not shown).
Effect of Human ZP3 and ZP4 on Protein Kinase Activity
Spermatozoa incubated with ZP3 and ZP4 had significantly higher PTK activity than those in control. The treatments increased PTK activity from 18.6 6 4.3 to 72.5 6 11.3 U (P ¼ 0.011) and to 51.6 6 8.4 U (P ¼ 0.025) per 2 3 10 6 spermatozoa, respectively (Fig. 6) . Though ZP4 treatment significantly (P ¼ 0.014) induced sperm PKA activity from 69.4 6 8.5 to 178.1 6 24.5 U per 2 3 10 6 spermatozoa, no significant effect was observed after ZP3 treatment (P ¼ 0.069; Fig. 6 ).
Effects of Human ZP Glycoproteins on SpermatozoaHuman ZP Binding
Compared with the control spermatozoa incubated in medium alone, the binding of spermatozoa to hemizona was significantly inhibited by incubation with native ZP3 (P , 0.001) and ZP4 (P ¼ 0.006; Fig. 7 ). The corresponding HZIs were 35.1 6 4.5% and 42.8 6 6.9%. O-linked deglycosylation had no effect on the inhibitory activities of ZP3 and ZP4; the HZIs after treatment with O-linked deglycosylated ZP3 and ZP4 were similar to that of the native glycoproteins (P . 0.05). On the other hand, N-linked (PNGase-F treatment) and total SPERMATOZOA AND ZONA PELLUCIDA 873 (TFMS treatment) deglycosylation significantly suppressed the inhibitory effect of ZP3; the corresponding HZIs were significantly lower (PNGase-F, P ¼ 0.02; TFMS, P ¼ 0.002) than that of native ZP3. Although N-linked deglycosylated ZP4 had a lower zona-binding inhibitory effect than that of native ZP4, the difference was not yet statistically significant (P ¼ 0.055), probably due to the small sample size. Total deglycosylation significantly suppressed the zona-binding inhibitory effect of ZP4 (P ¼ 0.01). The zona-binding capacities of spermatozoa treated with complete deglycosylated ZP3 and ZP4 was similar to those incubated in medium alone.
DISCUSSION
It is widely accepted that proper glycosylation of ZP glycoproteins is crucial to spermatozoa-ZP interaction [13] . The binding of mouse but not human spermatozoa to oocytes from mouse ZP2-and ZP3-deficient transgenic mice expressing human ZP2 and ZP3 [55, 56] suggests that the speciesspecific recognition of ZP is mediated by the mouse-specific glycosylation irrespective of the protein core. Despite the importance of carbohydrates in gamete recognition, our knowledge of the glycans of mammalian ZP glycoproteins is scarce due to the limited availability of oocytes.
Various protein expression systems have been used to produce recombinant human ZP proteins (Table 1) . Recombinant proteins have glycosylation that vary among cell types producing the glycoprotein and also in the same cell type cultured under different conditions [19, 57, 58] . Therefore, their glycosylation profiles are often different from their native counterpart [10, 59] . Mammalian cells-expressed recombinant human ZP3, though glycosylated, has variable capability to induce acrosome reaction of human spermatozoa (Table 1) . Furthermore, porcine ZP proteins expressed in Sf9 cells bind to bovine but not to porcine spermatozoa [60] . Therefore, human ZP glycoproteins with native glycosylation were purified and used in this study.
The ability of native human ZP3 and ZP4 to induce acrosome reaction supports previous observations about recombinant human ZP3 and ZP4 (Table 1) . However, the potency of native human ZP glycoprotein is higher than that of recombinant protein. Our results show that native human ZP3 and ZP4 at concentrations of 25 pmol/ml are sufficient to induce acrosome reaction in ;24%-31% of capacitated human spermatozoa after 15 min of treatment. Such potency and rapidity of induction of acrosome reaction cannot be achieved using recombinant human ZP (Table 1) and is comparable to those reported for intact human zonae [61] . In addition, the amount of recombinant human ZP3 used in some studies far exceeded the estimated amount of human ZP3 (;0.09-0.13 pmol) present in a single human oocyte [15, 27] .
According to our estimation, each human ZP has ;32 ng of ZP glycoprotein, composed of ;18 ng (;0.16 pmol) of ZP2, ;8 ng (;0.13 pmol) of ZP3, and ;6 ng (;0.09 pmol) of ZP4 [27] . Solubilized human ZP at a concentration of 1 lg/ml increased the percentage of acrosome-reacted spermatozoa by 21.7 6 1.6% (Fig. 1A) . The dosage used is equivalent to the addition of ;3.9 pmol/ml of human ZP3 and ;2.7 pmol/ml of human ZP4. However, purified native human ZP3 and ZP4 at similar concentrations did not affect acrosome reaction (Fig.  1B) . They could induce significant acrosome reaction only at concentrations of .12.5 pmol/ml. There are two possible reasons for the lower biological activities of the purified native human ZP glycoproteins. First, the denaturation steps in the purification process might have altered the tertiary structure of the purified ZP glycoproteins and thus reduced the biological activity of the molecules. Second, the filaments in the ZP matrix are made of interspersed homo-and/or hetero-ZP glycoprotein complexes [62] [63] [64] [65] . It is speculated that the biological activities of the ZP are due to interaction between the ZP glycoprotein complexes and the spermatozoa. Therefore, the biological activities of the purified human ZP glycoproteins could be lower due to the absence of other components of the complexes. The lack of synergistic effect with combined treatment of human ZP3 and ZP4 could not totally negate this second possibility because the two human ZP glycoproteins worked independently in the present study, whereas they might remain complex in solubilized human ZP. Moreover, the possible involvement of human ZP2 had not been studied in this report.
This is the first report on signaling pathways of native human ZP3-and ZP4-induced acrosome reaction. As both 874 native human ZP3 and ZP4 induce acrosome reaction, it is not surprising to find that they share some common pathways. The present data indicated that the human ZP3-and ZP4-induced pathways were extracellular calcium dependent and sensitive to inhibitors of T-type Ca 2þ channels, PKC, and both receptor and non-receptor PTK. The involvement of PTK in human ZP3-and ZP4-induced acrosome reaction was further supported by the higher PTK activities in ZP3-and ZP4-treated spermatozoa. These signaling molecules have been detected in human spermatozoa [63] [64] [65] [66] [67] [68] [69] and have been suggested to play an important role in human ZP-induced acrosome reaction [24, 25, 42, 67, 70, 71] . They may provide communication between signaling pathways induced by native human ZP3 and ZP4.
Mammalian spermatozoa possess a set of G-proteins distributed over different regions of the cells, including the acrosome and the equatorial segment [72] [73] [74] . The acrosome reaction-inducing activity of native human ZP3 is blocked by pertussis toxin, consistent with the G-protein-dependency of the acrosome reaction-inducing activity of solubilized human ZP and recombinant human ZP3 [20, 21, 44, 75, 76] . On the other hand, pertussis toxin was much less effective in suppressing native human ZP4-induced acrosome reaction, confirming a previous report that recombinant human ZP4-induced acrosome reaction is independent of G-protein [21] . These observations explain the inability of pertussis toxin to block solubilized human ZP-induced acrosome reaction completely in earlier studies [44, 77] .
Calcium channel inhibitors do not have absolute selectivity on Ca 2þ channels [78] ; they block calcium channels nonselectively at high concentrations. Therefore, the dose effect of the inhibitors on human ZP3-and ZP4-induced acrosome reaction was studied. Low concentrations of mibefradil (IC 50 ;2.9 lM) inhibited human ZP3-induced acrosome reaction, whereas a much higher concentration of nifedipine (IC50 ;100 lM) was required to produce a comparable effect. A similar observation was reported for mannose-BSA-induced acrosome reaction in human spermatozoa, with an IC50 of 1 lM and 60 lM, respectively [49] . In somatic cells, mibefradil selectively inhibits T-type channels over L-type channels, with an IC 50 of ;1.6 lM [79] , and the IC50 for nifedipine to inhibit L-type Ca 2þ channels is ;1 lM [54] . Thus, L-type Ca 2þ channels are less likely to be involved in human ZP3-induced acrosome reaction, and the blocking effect of high concentrations of nifedipine on human ZP3-induced acrosome reaction was probably due to the nonselective blocking action of the drug on T-type Ca 2þ channels. The IC 50 s of mibefradil and nifedipine on human ZP4-induced acrosome reaction were ;1 and ;1.6 lM, consistent with the involvement of both T-and L-type channels in human ZP4-induced acrosome reaction. Novel splice variants of an L-type channel have been reported in human spermatozoa [80] . Modulation of [Ca 2þ ] i in human spermatozoa by specific agonists and antagonists of L-type voltage-operated Ca 2þ channels have been demonstrated [71] . Therefore, apart from the T-type channels that can be activated by both human ZP3 and ZP4, L-type voltage-operated Ca 2þ channels may provide another route for Ca 2þ influx [81] during human ZP-induced acrosome reaction.
The inhibitor of PKA suppressed human ZP4-induced acrosome reaction specifically. The involvement of PKA in human ZP4-induced acrosome reaction was further supported by the increase in PKA activity after ZP4 treatment. PKA has been implicated in the human ZP-induced acrosome reaction of human spermatozoa [82, 83] . In agreement with our data, PKA inhibitor alone cannot completely abolish acrosome reaction induced by solubilized human ZP [82, 83] .
In this study, we demonstrated that only N-linked glycans were involved in the acrosome reaction induced by native human ZP3 and ZP4. Compared to the N-linked glycosylation, the contribution of O-linked glycosylation to the acrosome reaction-inducing activity of human ZP3 and ZP4 was minimal. Similarly, N-linked, but not O-linked, glycosylation participated in the binding of human ZP3 and ZP4 to spermatozoa. Consistent with a previous study using recombinant human ZP proteins [14] , N-linked glycosylation of human ZP glycoproteins is critical in mediating acrosome reaction. The contribution of N-and O-linked glycans to the biological activity of ZP glycoproteins differs among animal species. The O-linked glycosylation determines the sperm receptor activity of mouse ZP3 [1] . In pig, the N-linked but not the O-linked glycans of ZP are involved in spermatozoa-ZP interaction [84] . The N-linked oligosaccharides of Xenopus egg envelopes are also involved in sperm binding [85] . The glycans may take part in direct interaction between the carbohydrate and the binding proteins on spermatozoa [86, 87] . Glycosylation may provide the proper tertiary structure to increase the availability of the human ZP glycoproteins to their binding proteins on spermatozoa [38, 60] . Native human ZP3 and ZP4 lost their acrosome reaction-inducing activity after complete removal of all the glycans. These observations may explain the general finding of poor acrosome reaction-inducing activity of recombinant human ZP proteins expressed in E. coli.
In conclusion, we have shown that purified native human ZP3 and ZP4 are effective in inducing acrosome reaction of human spermatozoa. The two ZP glycoproteins induce acrosome reaction via different signaling pathways, though with some common components. The differential contribution of N-and O-linked glycosylation of human ZP3 and ZP4 to the observed biological activities is consistent with the inapplicability of the murine model in studying human spermatozoa-ZP interaction.
